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Abstract

Exotic hadrons are a new class of hadronic states whose properties do not allow them
to be classified as conventional quark-antiquark mesons or three quark baryons.
Finding new and understanding established exotic states is the most important topic
in today’s hadron spectroscopy and a promising avenue to advance our knowledge
on Quantum Chromodynamics in the non-perturbative regime. While several high-
quality reviews on the topic exist, they are all at an advanced level. The present
article aims to address new-comers to the field with a simple introduction to exotic
hadrons with an emphasis on the experimental studies.
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1 Introduction

According to the quark model, hadrons are composite particles formed from quarks [1,
2] which are bound together by gluons [3]. The full theory of their internal dynamics
and external interactions, Quantum Chromodynamics (QCD), is well-understood at high
energies. However, at low energies, such as the mass scale of hadrons and nuclei, QCD
becomes highly non-perturbative. Hence, describing hadrons as systems of bound quarks
from first principles is a difficult task. Therefore, progress in the field is largely driven by
experimental observations. Over the years, the studies of conventional hadrons, quark-
antiquark (qq̄′) mesons and three-quark (qq′q′′) baryons has been very fruitful. Progress
in both experiment and theory allowed a successful classification of these states within
the constituent quark-model and lead many to believe that hadron spectroscopy is a
well-understood field. Therefore, the appearance of exotic hadrons, which are neither
quark-antiquark nor three quark states, triggered large excitement. Detailed studies of
their properties will provide an ultimate test for the underlying theory and deepen our
understanding of the non-perturbative aspects of QCD. Hence, the exploration of exotic
hadrons is of utmost importance to our field.

Comprehensive reviews on exotic hadrons, both from an experimental and theoretical
point-of-view, can be found for example in Refs. [4–20]. These in-depth, detailed reviews
are typically addressed to experts and can be overwhelming for those looking to join a
field that is constantly evolving. With this article we aim to address beginners, giving an
overview of the field and summarizing the arguments on why prominent examples of exotic
hadrons are commonly viewed as such. This article is therefore a simple introduction into
the topic with emphasis on the experimental perspective, focusing on hadrons involving
c (charm) or b (bottom) quarks. It consists of the following sections: a short summary
of the most important experimental discoveries of exotic hadrons in Section 2; a brief
overview of theoretical models commonly used for their description in Section 3; and
an attempt to categorize all the states known to date, along with a summary on their
measured properties in a kind of field guide in Section 4.

2 Experimental progress

Particles with a quark content that differs from qq̄′ mesons and qq′q′′ baryons have been
widely discussed since the birth of the constituent quark model in 1964 [1, 2]. For a
long time such states, referred to as exotic hadrons, remained merely a hypothesis. In
the 1990’s several scalar tetraquark candidates emerged in the light quark (u, d and s)
sector, but the large natural widths of many of these states in a region densely populated
with conventional mesons made an unambiguous theoretical interpretation difficult [21].
Compelling evidence for exotic hadrons emerged only years later with the inclusion of
heavy quarks (c and b) into the studies.

In 2003 the first tetraquark candidate χc1(3872) was discovered by the Belle collab-
oration [22]. Despite the discovery being in the decay to J/ψπ+π−, clearly signaling a
constituent cc pair, a conventional charmonium interpretation is considered highly un-
likely. One important part in the exotic interpretation of the χc1(3872) is the higher level
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Table 1: Summary of current and past experiments contributing to the studies of exotic hadrons
with heavy quarks. Future dates in the Data Taking column represent plans or intentions.

Experiment Collisions Energy (c.m.) Production modes Data Taking

BaBar
e+e− 10.58− 11.2GeV e+e−, γγ, B-decays

1999− 2008
Belle 1999− 2010

Belle II 2018− 2035

CDF-II
pp̄ 1.96TeV pp̄, b-decays 2001− 2011

D0 (Run2)

CLEO-c
e+e−

3.97− 4.26GeV
e+e−, γγ

2003− 2008
BESIII 1.8− 4.96GeV 2008− 2030+

ATLAS
pp (+ pPb, PbPb) 7− 13.6TeV pp, b-decays 2010− 2041CMS

LHCb

COMPASS
µp, πp pbeam = 160− 200GeV/c diffractive

2002− 2021
AMBER 2023− 2032+
GlueX γN Eγ = 8.0− 11.5GeV photoproduction 2015− 2028+

Figure 1: Spectrum of conventional and potentially exotic charmonium(-like) states. Potential
model calculations for conventional charmonium are overlaid with experimental measurements.

of theoretical understanding of the conventional charmonium (cc) spectrum (see Fig. 1)
in comparison to the light quark sector. Another key argument is the small width of the
χc1(3872) of the order of an MeV, much smaller than expected for a conventional char-
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monium state above the open-charm threshold. This discovery was quickly confirmed by
other experiments – BaBar [23] at SLAC, as well as CDF [24] and D0 [25] at Tevatron –
and sparked the renaissance of hadron spectroscopy. Soon, more exotic signals with a hid-
den cc pair, including manifestly exotic states with minimal quark content ccud [26], were
discovered, accompanied by the analogous structures with hidden bb pairs [27]. At first,
the progress in the field was lead by the experiments at B-factories – Belle, BaBar and
CLEO, being complemented by the results from the CDF and D0 experiments at Teva-
tron. In 2008 the BESIII experiment started collecting data in e+e− collisions at center of
mass energies of up to 4.6 GeV (up to 5 GeV nowadays) and provided a unique probe for
a large list of exotic hadrons with hidden charm. When the LHC began operation in 2010,
the LHCb, CMS and ATLAS experiments joined the exploration of the exotic hadrons,
of which it was LHCb who has established itself as the world’s leading experiment in the
field. Among its many results in hadron spectroscopy, a few of the most outstanding are
the discoveries of the first pentaquarks with hidden charm, the first tetraquarks with sin-
gle and double open charm, and the first tetraquarks formed exclusively by heavy quarks.
Many new exotic hadron candidates observed by LHCb will require next-generation ex-
periments for independent confirmation. In 2018 the Belle II experiment started collecting
data and has already produced first results on exotic hadrons, promising much more in
the future. Brief information on the current and past experiments contributing to the
field is presented in Table 1.

Important progress has also been achieved in the light-quark sector by experiments
like COMPASS, GlueX and BESIII. However, the interpretation of experimental mea-
surements in that region is in general more difficult as the states are broad and overlap,
rendering many observations model-dependent. Therefore, in this review, we will focus
on exotic hadrons containing at least one heavy quark.

Various experimental techniques allow to extend the reach and perform verifications
of individual measurements. For example, the χc1(3872) state has been observed both in
decays of b-hadrons, in e+e−, in hadron (pp, pp) and even in heavy-ion collisions – we can
hence be fully confident it is a genuine hadronic state, and use its production properties 1

in the different processes to learn about its nature. However, quite a few of the states with
hidden charm are only observed in b-hadron decays. They are usually identified as either
narrow (∼10 MeV) peaks in one-dimensional distributions or as structures (with width
up to ∼300 MeV) in complex multi-dimensional amplitude analyses. In turn, some of the
states with hidden charm and all states with hidden bottom flavour are only observed
in e+e− annihilation. Doubly-charmed and fully-heavy tetraquark candidates are so far
observed only in prompt production in pp collisions, although it should be noted that
it is currently simply not possible to produce them in other processes with large rates.
We emphasize the need for independent confirmation of newly observed exotic hadron
candidates in different production processes and decay modes. In many cases it will
require new experiments like the Super-Tau-Charm Facility [28], PANDA [29] or potential
experiments at future Higgs/Z-boson factories [30, 31].

Today, there are around 50 exotic hadron candidates discovered in experiments around
the world, offering a diverse range of structures that is summarized figuratively in Fig. 2.

1like cross-section, dependence on transverse momenta and multiplicity in the event.
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In the following (Section 4), we will provide an almost zoological field guide to the exotic
hadrons. Before, it is necessary to briefly summarize the different theoretical models that
aim to classify (a subset of) the observed phenomena.

3 Theory perspective

In this chapter, we aim to provide a concise introduction to the main theoretical concepts
in the description of exotic hadrons – for more in-depth and comprehensive overviews we
refer the interested reader to articles in Refs. [5–20].

Due to the highly non-perturbative nature of QCD at hadronic mass scales, under-
standing the internal structure of (exotic) hadrons and the interactions between them from
first principles, i.e. from the Lagrangian, is an extremely challenging task. Therefore, to
provide a description of multi-quark systems one has to either rely on phenomenological
approaches or the discretized version of QCD, Lattice-QCD [32–34]. The major progress
in phenomenological approaches is related to hadrons with heavy quarks (c or b), be-
cause their presence limits non-perturbative contributions and relativistic effects hence
simplifying the description of the system. Theory calculations of the full spectrum of the
charmonium [35] and bottomonium [36] mesons (systems of cc and bb quarks), which rely
on a phenomenological quark-quark interaction potential 2 are readily available, and, for
charmonium, are presented in Fig. 1. Given the excellent agreement with experiment,
a conventional interpretation of many exotic hadron candidates can be disfavored if no
nearby state is predicted.

Lattice-QCD has emerged already in 1974 [39] and with the advent of modern comput-
ers has proven itself as a particularly powerful tool to access first-principle calculations in
the non-perturbative regime. In this framework, QCD is formulated on a finite space-time
grid (lattice) with fermions existing in the nodes and gluon fields in the links. Physical
quantities are extracted from numerical calculations of the action integral and derived cor-
relations. Such methods, however, have difficulties in describing systems with both light
and heavy quarks due to the need to use a large lattice with a small cell size [40,41]. Nev-
ertheless, lattice results for the charmonium [42–47] and bottomonium [48] spectrum, in
part including predictions for exotic multi-quark or hybrid states, are available and largely
compare very well with experiment and potential model calculations. In the future, it is
to be expected that Lattice-QCD will play a leading role.

For now, Lattice-QCD and phenomenological approaches can be viewed as highly com-
plementary in the attempt to understand the experimental spectrum of (exotic) hadrons
and their properties. The two most common concepts aiming to explain the observations
are so-called compact 3 multiquark and molecular states.

In models of compact multiquark states, quarks in an (exotic) hadron are tightly-
bound through direct interaction with the color charge of every other quark. The overall
interaction potential in the system can be assumed to be a sum of individual quark-
quark interaction terms. It can then be attempted to solve the corresponding Schrödinger
equation [49]. The system can be simplified by considering that pairs of quarks, if in a

2variations of the Cornell potential [37, 38]
3often also called genuine or tightly-bound
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Figure 2: Illustration of exotic hadron experimental studies.
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color anti-triplet state 4, are attracted to each other. Thus, in a multiquark object, pairs
of quarks will form diquarks which then interact with the remaining constituents in the
same way an anti-quark would. Tetra- and pentaquark states can then be viewed as
[q1q2][q3q4] and [q1q2][q3q4]q5 configurations, such that their color-interaction is effectively
the same as for mesons and anti-baryons, respectively. The resulting multiquark hadrons
are expected to have similar sizes to conventional mesons and baryons, i.e. of order 1 fm,
thus the term compact. These concepts were first discussed in Ref. [50] in the context
of baryons, and later in the discussion of the light scalar mesons in Ref. [51]. A first
application to exotic hadrons in the quarkonium sector was described in Ref. [52, 53],
with modern dynamical diquark calculations offering explanations for exotic mesons and
baryons alike [54, 55]. For more detailed information we refer to a recent review on the
topic [6] and references therein.

In the molecular picture, multiquark exotic states are described as systems of two
color-neutral objects – in the simplest case, meson-meson or meson-baryon – which are
interacting via a QCD analogue of the van-der-Waals force, an idea that is natural in the
light of the deuteron as a bound state of a proton and a neutron. Such states are expected
to have binding energies of order MeV and be large compared to conventional mesons and
baryons, strongly resembling the deuteron. In effective theories, the binding is usually
explained via the exchange of a light meson like the pion5, with unknown short-range
interactions accounted for by effective contact terms [56]. The idea of hadronic molecules
including charm-quarks first appeared in the 1970’s [57,58], predating experimental indi-
cations by three decades. It was revived with the observation of multiple charmonium-like
exotic states whose masses lie close to two-body thresholds. Prominent examples are the
χc1(3872), whose mass is at current precision indistinguishable from the D0D̄∗0 threshold,
or the recently discovered T+

cc with a mass only a fraction of an MeV below the D0D∗+

threshold. The fact that these states are dominantly decaying via the DD∗ channel fur-
ther advocates for at least a sizable molecular component. For a more detailed discussion
of molecular states, we refer to recent reviews Ref. [11, 15] and references therein.

Both compact multiquark and, in part, molecular models predict a large number of
states in addition to those already observed. In an ideal world, calculations in the com-
pact multiquark and molecular pictures would not only describe a number of existing
exotic hadron candidates, but provide concrete predictions of production strengths, decay
patterns, or existence of partner states that can be tested in experiments to discern the
different interpretations. At present, while certainly one interpretation might be preferred
over the other for any given exotic hadron, for none of the existing candidates the nature
has been unambiguously determined. It is becoming more clear that even in the compact
multiquark picture, nearby two-body thresholds can have a sizeable influence on a state,
and thus need to be taken into account in a model. Of course it is entirely possible,
even quite likely, that most of the exotic hadrons are mixtures of compact and molecular
configurations6, such that determining the relative fractions becomes one of main tasks

4as an example consider two quarks with red and green color charge yielding an effective color charge
anti-blue; in the language of SU(3)color, 3 ⊗ 3 → 3̄ ⊕ 6, with the 3̄ configuration corresponding to an
attraction and 6 to a repulsion between two quarks

5with the interaction strength and range related to the mass of the exchange particle
6possibly with an admixture of conventional states
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in hadron spectroscopy.
In the literature, a number of further explanations for exotic hadron candidates can

be found. In the hadroquarkonium picture, a multiquark state is described as a color-
singlet cc(bb) core in a specific state (spin, radial and orbital excitation) surrounded by a
light-quark cloud. It is argued that decays that keep the heavy-quark core intact would
be strongly favored in this scenario, which would naturally explain why some exotic
hadrons seemed to preferentially decay to specific charmonium final-states [59]. Prime
examples are the ψ(4230) and ψ(4360) decaying to J/ψππ and ψ(2S)ππ, if they were to
be interpreted as hadrocharmonia with a spin-1 core in n = 1 and n = 2 radial excitations.
However, the observation of decays also to final states with spin-0 cc̄-cores (ηc(1S) and
hc(1P )) have rendered this class of models less interesting.

Hadrons with a gluon field in an excited state, namely hybrid mesons [qqg] and glueballs
[gg], [ggg], have been hypothesized since the early days of the quark-model [60]. Can-
didates for hybrids exist in both light-quark (π1(1600), π1(2015) [61]) and quarkonium
(ψ(4230), ψ(4360), Υ(10753), Υ(11020) [62]) sectors. Similar to hadroquarkonium, the
concept of heavy-quark spin-symmetry also applies to decays of quarkonium-hybrids, such
that one would expect the heavy-quark core to remain intact when the gluon hadronizes.
While predictions for the higher excitations of glueball states can reach into the charmo-
nium mass range, we would expect a [gg] or [ggg] state at such masses to be very broad
and thus refrain from further discussion here.

In some specific cases, the resonant nature of the observed hadron candidates is itself
questioned. In particular, the presence of nearby two-body thresholds can create struc-
tures, so-called cusps, which might be mistaken for a resonant peak. These effects can be
further enhanced in the case of a contribution from a logarithmically divergent three-point
loop diagram, which produces so-called triangle singularities. Such kinematic effects have
been proposed to explain multiple new hadron candidates, including those with heavy
quarks7. A recent review can be found in Ref. [63]. One possibility to disentangle reso-
nant interpretations from kinematic effects like triangle singularities is the observation in
different production processes with entirely different kinematics. This stresses the impor-
tance of such tasks as the search for pentaquarks in γp→ J/ψp at Jefferson Lab [64–68].

4 Field guide

To date around 50 exotic hadrons with at least one heavy (c or b) quark are reported,
as summarized in Table 2 and represented in Fig. 2. Some of these states are well es-
tablished while some are only candidates whose existence and resonant nature are yet to
be confirmed. Given the number of states on this list, it deserves to be called a “new
particle zoo” in analogy to how the wide variety of conventional mesons and baryons was
previously characterized. The experimental exploration of exotic hadrons can thus be
compared to the assembly of a field guide which will allow us to gain a deeper under-
standing of underlying physics, namely QCD in the highly non-perturbative regime. In
the following, our interpretation for such an emerging field guide is presented. Information

7χc1(3872), Tcc and Tbb tetraquark candidates near the D∗D̄(∗) and B∗B̄(∗) thresholds or the Pcc

pentaquark candidates near the ΣcD
(∗) thresholds
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about states (or groups of states where we deem that adequate) is presented in the form
of short information cards followed by a description for in-depth reading, according to the
grouping and order presented in Table 2. We group in categories by the following criteria:
number of quarks, flavor content and isospin (I), followed by additional properties like
spin-parity, production and decay channels. While aiming to provide a complete picture
of the experimental knowledge of the field, we favor brevity and simplicity of description
and therefore may omit details wherever appropriate. For a full list of all reported ex-
otic hadron candidates and their measured properties, we refer to the Review of Particle
Physics [69], which we will refer to just as the “PDG”.

4.1 Remarks

Below, several remarks on the notation used throughout the article are provided.
We adhere to the 2023 edition of the PDG naming scheme for hadrons. Where

applicable, alternative names, by which these particles were previously known, and/or
full names in LHCb convention [70] are also provided for easier comparison with previous
works. Charge conjugation for particle names and mass thresholds is implied.

Underscore is used to mark states we consider well established – those states seen
by either more than one experiment or in more than one production or decay mode. In
many cases, this corresponds to a dot in the PDG Listings. If conflicting reports exist
from different experiments, we refrain from using this label.

Minimal quark content simply lists constituent quarks, but is not an attempt to
describe a wave-function in flavour-space.

Experiments in which states are observed are presented in chronological order, mean-
ing the experiment that discovered the state, or the first state in a group, is listed first.

For a group of several states, the lists of decay modes and production channels is
a combined list of all states from the group. In other words, it is not meant that every
state is seen in every decay mode or production channel. Details may be given in the
individual descriptions.

Nearby thresholds are indicated based on closeness of masses and appropriate quark
content and do not necessarily have any relevance to the particular states.

For characteristic widths of a group of several states, an interval from minimum to
maximum of the measured widths is provided. Only central values of the measurements
are used.

The I, G and C quantum numbers indicated for charged states T+
cc̄ or T+

bb̄
correspond

to those of their neutral partners. In case the neutral partners are not yet observed I, G
and C should be considered as requiring confirmation.

The plots presented alongside the information on the (group of) states do not neces-
sarily represent the discovery of a given state, but instead show a few examples intended
to give a general idea on the experimental observation.

8



Table 2: All known exotic hadron candidates up to date. States we consider well-established
are underscored.

Category States / Candidates

Meson-like

Hidden Charm

I = 0

χ−like: χc1(3872),

(incl. tetraquarks)

χc0(3860), χc0(3915), χc2(3930), X(3940)

ψ−like: ψ(4230), ψ(4360), ψ(4660)

with ss: χc1(4140), χc1(4274),

χc1(4685), χc1(4500), χc1(4700)

X(4150), X(4630), X(4740)

I = 1/2 Tccs(3985)
−, Tccs1(4000)

−/0, Tccs1(4220)
−

I = 1

seen in e+e−: Tcc1(3900)
+/0,

Tcc(4020)
+/0, Tcc(4055)

+

seen in B decays: Tcc(4050)
+, Tcc(4100)

+,
Tcc1(4200)

+, Tcc(4240)
+, Tcc(4250)

+, Tcc1(4430)
+

Hidden Bottom
I = 0 Υ(10753), Υ(10860), Υ(11020)

I = 1 Tbb1(10610)
+, Tbb1(10650)

+

Hidden Double Charm Tcccc(6550), Tcccc(6900), Tcccc(7290)

Open Single Charm
D∗

s -like: D
∗
s0(2317)

+, Ds1(2460)+

Tcs/cs: Tcs0(2900)
0,

Tcs0(2900)
0/++, Tcs1(2900)0

Open Double Charm Tcc(3875)+

Baryon-like
Hidden Charm

I = 1/2(3/2)
Pcc(4312)

+, Pcc(4440)
+, Pcc(4457)

+

(incl. pentaquarks)
Pcc(4380)

+, Pcc(4337)
+

I = 0(1) Pccs(4458)
0, Pccs(4338)

0
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4.2 The χc1(3872) (also known as X(3872))

meson-like/hidden charm/isoscalar

Figure 3: Discovery of the
χc1(3872) by Belle [71].

quantum numbers: IG(JPC) = 0+(1++)
minimal quark content: [cc̄], more likely [cc̄(uū+ dd̄)]
experiments: Belle, CDF, D0, BaBar, LHCb, CMS,

ATLAS, BESIII (and potentially E705, COMPASS )
production: B+, B0, B0

s and Λ0
b decays,

prompt pp, pp̄, pPb (Pbp) and PbPb collisions,
e+e− → γχc1(3872), ωχc1(3872)
with the first likely via ψ(4230)

decay modes: π+π−J/ψ, ωJ/ψ, D∗0D̄0, π0χc1(1P ),
γJ/ψ, γψ(2S)

nearby threshold: D∗0D̄0

width: 1.19 ± 0.21 MeV (in π+π−J/ψ channel)

Figure 4: The χc1(3872) seen in J/ψπ+π− at LHCb [72] (left), in D∗0[→ D0π0]D
0
at BESIII [73]

(center) and in J/ψγ at BaBar [74] (right).

The χc1(3872) is the first established exotic hadron and the most studied one to
date. It was discovered by Belle in 2003 in the J/ψπ+π− system produced from B+

decays. The JPC quantum numbers of the χc1(3872) were established in analyses by
CDF [75], Belle [76] and LHCb [77, 78] to be 1++ which makes it consistent with a
χc1(2P ) charmonium state. However, the observed mass disagrees with quark model
calculations by around 100 MeV [79] (also see Fig. 1). Moreover, it has very small width
for a state lying above DD threshold. Observation of decays to ρ(770)J/ψ, ω(782)J/ψ
and π0χc1(1P ) with comparable rates implies isospin violation at the level of ∼0.3, i.e.
much larger than ∼0.05 seen in conventional charmonia [80]. This is likely associated to
the 8.7 MeV splitting between the D0D̄∗0 and D+D∗− thresholds.

Closeness to the D0D̄∗0 threshold (within −0.04 ± 0.12 MeV) and prevalence of the
D0D̄∗0 decay mode make it a natural DD̄∗ molecular candidate [81]. Prevalence of γψ(2S)
decay over γJ/ψ observed by BaBar [74] and LHCb [82,83], though disputed by Belle [84]
and BESIII [73], likely indicates sizeable charmonium component in χc1(3872) [85], how-
ever, may not be in conflict with its predominantly molecular nature [86]. A pure compact
tetraquark also remains viable interpretation of the χc1(3872) even though its expected
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charged partner is not observed. It can be understood if production of the charged states
with isospin equal to one is suppressed with respect to the isoscalar χc1(3872) [87]. Produc-
tion properties of χc1(3872) in pp and pp̄ collisions are used as arguments towards presence
of a compact component [88,89]. These arguments were, however, disputed [90–92].

4.3 Other χc-like states below 4 GeV

meson-like/hidden charm/isoscalar

Figure 5: χc0(3915) → J/ψω signal at
BaBar [93].

states:

• IG(JPC) = 0+(0++): χc0(3860), χc0(3915)
also known as X(3915)

• IG(JPC) = 0+(2++): χc2(3930)

• IG(JPC) =??(???): X(3940)

minimal quark content: [cc], possibly [ccqq]
experiments: BaBar, Belle, BESIII, LHCb
production: γγ-collisions and

B-decays (χc0(3915), χc2(3930)),
also χc2(3930) in pp-collisions,
χc0(3860), X(3940) in e+e− → J/ψX,
and χc0(3915) possibly in e+e− → γX

decay modes: DD̄ (except X(3940)),
D∗D̄ (X(3940)), ωJ/ψ (χc0(3915))

nearby thresholds: D∗D̄, D+
s D

−
s

characteristic widths: ∼200 MeV (χc0(3860))
and 19-37 MeV (χc0(3915), χc2(3930), X(3940))

Figure 6: The χc2(3930) → D+D− at LHCb [94] (left) and X(3940) in e+e− → J/ψX at
Belle [95].

The spectrum of non-vector charmonium states above the open-charm threshold is
difficult to study in experiments and as such data is rather limited. Still, interesting
exotic hadron candidates have emerged sharing the quantum numbers of the conventional
χcJ states J++, most prominently the χc1(3872) that we addressed in more detail in the
previous card. Outside of the χc1(3872), the picture is less clear.

The Belle experiment made the first observations of a χc0(3915) and a χc2(3930) in the
B+ → ωJ/ψK+ [96] and γγ → DD [97] processes, respectively. Both observations were
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later confirmed by BaBar [98,99]. In addition, Belle and BaBar saw a state consistent with
the χc0(3915) in the two-photon production γγ → ωJ/ψ, with Belle also claiming evidence
for a structure consistent with either the χc0(3915) or χc2(3930) in γγ → γψ(2S). BESIII
found evidence for the χc0(3915) in e+e− → γωJ/ψ [100], although it is unclear whether a
broad or a narrow structure is needed. LHCb observed the χc2(3930) in prompt pp produc-
tion, decaying to DD [94]. In a recent analysis of the decay B+ → D+D−K+, they also
found contributions from two states around 3.93 GeV, consistent with the χc0(3915) and
χc2(3930) [101], marking the first observation of the χc2(3930) in B-hadron decays. The
χc0(3860) was claimed by Belle in double-charmonium production e+e− → J/ψDD [102].
Its width is found to be much larger than the ones of the χc0(3915) and χc2(3930) (100-
400 MeV vs. 20-35 MeV). No sign of this state was found by LHCb in B+ → D+D−K+.

The relation of these states to the radially excited charmonium triplet states χcJ(2P )
is unclear (see Fig. 1). The small mass gap between the χc0(3915) and χc2(3930) as well
as the strong OZI-suppressed decay of the χc0(3915) to ωJ/ψ render an interpretation of
those two states as the χc0(2P ) and χc2(2P ) somewhat unlikely. As such, the χc0(3860)
might be a better candidate for the χc0(2P )-state, but it has only ever been observed in
a single channel. Outside of the χc1(3872) that is unlikely to be a (pure) charmonium-
state, no good candidate for the χc1(2P )-state exists. While the X(3940) observed by
Belle in e+e− → J/ψX with decay to D∗D̄ could be a candidate for the χc1(2P ) state,
its spin-parity has not been determined, nor has the state been confirmed by another
experiment. An assignment of χc0(3915) and χc2(3930) as regular charmonium states is
further complicated by the expectation for the mass of the χc1(2P ) to be in between the
χc0(2P ) and χc2(2P ). The situation might be clarified with observation of the hc(2P )
state which will define the center-of-gravity for the spin-triplet masses. If a very recent
report of a potential hc(2P ) candidate with a mass around 4 GeV [103] is confirmed in the
future, a conventional interpretation of the χc0(3915) and χc2(3930) would be difficult.
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4.4 ψ-like states

meson-like/hidden charm/isoscalar

Figure 7: e+e− → π+π−J/ψ
cross-section at BESIII [104].

states: ψ(4230), ψ(4360), ψ(4660)
also known as Y (4230), ψ(4260), Y (4360), ...

quantum numbers: IG(JPC) = 0−(1−−)
minimal quark content: [cc],

possibly [ccqq] or [ccg]
experiments: BaBar, CLEO, Belle, BESIII,

possibly D0
production: e+e− annihilation,

possibly b-decays (ψ(4230))
decay modes: ππJ/ψ, ππψ(2S), ππhc

(possibly via πTcc̄) and η(′)J/ψ for ψ(4230|4360),
also KK̄J/ψ, 3πηc, ωχc0, γχc1(3872), µ+µ−,
D∗D̄π, potentially DD̄ for ψ(4230),
ππψ2(3823), D+D−π+π−,
possibly ππψ(3770) and D1(2420)D̄ for ψ(4360),
ππψ(2S), possibly ΛcΛ̄c for ψ(4660)

nearby thresholds: D1D̄, D∗+
s D∗−

s

characteristic widths: 48-118 MeV

Figure 8: Exclusive e+e− → π+D0D∗− (left) and e+e− → π+π−ψ(2S) (right) cross-sections
measured by BESIII [105,106].

The Y (4260), first observed as a broad peak in the process e+e− → γISRππJ/ψ by
BaBar [107], was later resolved into two distinct structures by BESIII, now called ψ(4230)
and ψ(4360). The spin-parity is unambiguously fixed through the production process.
Today, many processes of the type e+e− → (cc̄)(qq̄) are observed to have large structures
in the region between 4.2 and 4.4 GeV, that are commonly attributed to these two states.
In case of the processes e+e− → J/ψππ, hcππ and ψ(2S)ππ, intermediate Tcc-states
appear – often for a specific range of center-of-mass energy, suggesting decays of the type
ψ(4230) or ψ(4360) → Tccπ. However, resonance parameters extracted in individual final
states are often inconsistent, leaving some ambiguity on the number of states observed
in this mass region. The only hint for the ψ(4230) outside of e+e− annihilation stems
from D0, who claims a Tcc1(3900) signal in inclusive b-decays to J/ψπ+π−, but only if
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the J/ψπ+π− system has invariant mass in the range between 4.2 and 4.3 GeV [108,109].
This claim has yet to be confirmed by LHCb or Belle(II).

If the ψ(4040), ψ(4160) and ψ(4415) are identified with the ψ(3S), ψ(2D) and ψ(4S)
states, respectively, the ψ(4230) and ψ(4360) can hardly be explained as conventional
charmonia [110]. This is further supported by the fact that ψ(4230) and ψ(4360) are seen
most prominently in OZI-suppressed decays to hidden-charm channels, although it should
be noted that interpretation of open-charm cross sections is more difficult and decays to
these OZI-favored channels are not ruled out. Given the surprisingly few observations
of the ψ(4040), ψ(4160) and ψ(4415) in exclusive processes, a better understanding of
all vector-states above the open-charm threshold is required to claim the existence of
exotic hadrons with JPC = 1−−. Coupled channel analyses [37, 38, 111–115] might help
improve this situation. The ψ(4230) might be a key state to understand the bigger
picture of exotic charmonium-like hadrons, given that its decays to the πTcc̄1(3900) and
γχc1(3872) clearly suggest a common explanation to all three exotic hadron candidates.
One such explanation that nicely ties these decays together is the ψ(4230) as a D1(2420)D̄
molecule [116,117].

Structures that appear in e+e− annihilation at higher energies are usually attributed
to one state – ψ(4660). It is seen in π+π−ψ(2S) by Belle and BESIII. A near-threshold
peak in Λ+

c Λ−
c seen by Belle is, however, not confirmed by BESIII. Recent BESIII data

on KK̄J/ψ and D∗+
s D∗−

s in addition indicate structures around 4.5 and 4.7 GeV.
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4.5 States seen in J/ψϕ

meson-like/hidden charm/isoscalar

Figure 9: Resonances in J/ψϕ at
LHCb [118].

states:

• I(JPC) = 0(0++): χc0(4500), χc0(4700)

• I(JPC) = 0(1++): χc1(4140), χc1(4274),
χc1(4685)

also known as X(4140), Y (4140), ...

• I(JPC) = 0(??+): X(4150), X(4630), X(4740)
also known as X(4160)

minimal quark content: [cc],
more likely [ccqq] or [ccss]

experiments: CDF, CMS, D0, BaBar,
LHCb, Belle

production: B+ → J/ψϕK+,
B0
s → J/ψϕπ+π− (X(4740)),

exclusive pp→ pp+ J/ψϕ (χc1(4274), χc0(4500)),
possibly pp̄→ J/ψϕ+X (χc1(4140)),
e+e− → J/ψD∗D̄∗ (X(4150))

decay modes: J/ψϕ, D∗D̄∗ (X(4150))
nearby threshold: DsD̄

∗
s , D

∗
sD̄

∗
s

characteristic widths: 51-174 MeV8

In 2009, the CDF experiment found a near-threshold structure in the J/ψϕ system
with a mass around 4140 MeV in the decay B+ → J/ψϕK+ [119], the χc1(4140). Similar
enhancements were later confirmed by CDF [120], CMS [121], and D0 [122], alongside a
potential second state around 4270 MeV. D0 later also found a similar structure in prompt
production in pp̄ collisons [123]. Hints for both states were also seen by BaBar [124].
However, masses and widths of the two structures identified in these simple analyses of
one-dimensional mass distributions were found to disagree with each other. In turn, the
Belle [125, 126], BESIII [127] and LHCb [128] experiments did not find the χc1(4140) at
that time. Only later, the amplitude analysis of high-statistics B+ → J/ψϕK+ decays
by LHCb [118, 129] recovered both the χc1(4140) and the χc1(4274) state, however, with
substantially different masses and widths. The quantum numbers of both states were
determined. In the same analysis LHCb finds four additional states as well as evidence for
a fifth one: the χc0(4500) and χc0(4700) with JPC = 0++, and the X(4630) (JPC = 1−+ or
2−+) and χc1(4685) (JPC = 1++), with evidence for the X(4150), previously observed by
Belle in e+e− → J/ψD∗D̄∗ [130] at the 4.8σ level, with a preferred spin-parity of JP = 2−.
In addition, a potential new structure labelled as X(4740) is observed by LHCb in the
decay B0

s → J/ψϕπ+π− [131] from the J/ψϕ invariant mass distribution. An amplitude

8for the width of the χc1(4140) state we consider only LHCb measurements as all the others are
one-dimensional and hence are likely biased, ignoring interference with other decay chains
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analysis with larger statistics is needed to fully establish whether the enhancement can
be identified with the χc0(4700) from B+ → J/ψϕK+. Recently, LHCb observed both
χc1(4274) and χc0(4500) states (together with hints for more) in pp→ pp+J/ψϕ collisions
with no additional activity [132].

Some of these states may be considered as candidates for conventional charmonia: the
χc1(4140) or the χc1(4274) are candidates for the χc1(3P ) state; the χc0(4500) and the
χc0(4700) could correspond to the χc0(4P ) and χc0(5P ). In that case they should decay
to J/ψω with comparable rates to the J/ψϕ. This is yet to be explored. While D∗+

s D∗−
s

molecular states with JPC = 0++ or 2++ have been suggested [133] as an interpretation of
the χc1(4140), the measured spin-parity JP = 1+ rules that out. Alternatively, it could be
aD+

s D
∗−
s molecule bound by an η meson exchange [134], or a corresponding cusp [135,136].

To clarify this question, exploration of the D+
s D

(∗)−
s decay mode is needed.

With the coming energy-upgrade to the BEPCII accelerator, the high-mass structures
in J/ψϕ could become accessible to BESIII, allowing for an independent confirmation if
production in e.g. e+e− → γJ/ψϕ is strong enough.

4.6 Tccs states (also known as Tψs or Zcs)

meson-like/hidden charm/isospin=1/2

Figure 10: Tccs(4000) signal at
LHCb [129].

states:

• I(JP ) = 1/2(??): Tccs(3985)−/0

• I(JP ) = 1/2(1+): Tccs1(4000)−/0

• I(JP ) = 1/2(1?): Tccs1(4220)−

minimal quark content: [cc̄sq]
experiments: BESIII, LHCb
production: e+e− → Tccs(3985)K̄,

B− → J/ψϕK− (Tccs1(4000), Tccs1(4220)),
B0 → J/ψϕK0

S (Tccs1(4000))
decay modes: D−

s D
∗+/0/D∗−

s D+/0,
J/ψK−, J/ψK0

S

nearby thresholds: D−
s D

∗+/0, D∗−
s D(∗)+/0

characteristic widths: 8-13 MeV (Tccs(3985)),
130-233 MeV (Tccs1(4000), Tccs1(4220))

First candidates for open-strange hidden-charm states are observed in the reactions
e+e− → D∗D̄sK and DD̄∗

sK by the BESIII [137] experiment and in B → J/ψϕK decays
by LHCb [129]. BESIII observed an enhancement in e+e− → (D−

s D
∗0K+ + D∗−

s D0K+)
near the D−

s D
∗0 and D∗−

s D0 thresholds in the K+ recoil-mass spectrum [137]. The en-
hancement, called Tccs(3985)−, is compatible with a D−

s D
∗0 and D∗−

s D0 resonant structure
with a width of 13 MeV, and is fitted with a mass-dependent Breit-Wigner line shape.
In the one-dimensional analysis, interference effects are neglected and quantum numbers
can not be established. Spin-parity is assumed to be 1+, considering that both produc-
tion and decay processes occur in the favoured S-wave. However, other possible quantum
numbers are allowed. Evidence for a similar (now neutral) near-threshold structure is
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seen in e+e− → (D+
s D

∗−K0
S +D∗+

s D−K0
S) [138], solidifying the case for the enhancement

attributed to the Tccs(3985)−, albeit without necessarily requiring a resonant interpreta-
tion.

Signals of tetraquark candidates with strangeness are observed in B− → J/ψϕK− de-
cays by LHCb, where two states, Tccs1(4000)− and Tccs1(4220)−, are found with a signifi-
cance larger than 5σ. Their widths are found to be fairly broad. Thanks to the amplitude
analysis, quantum numbers are determined to be JP = 1+ for the Tccs1(4000)− state,
while 1+ is favored over 1− for the Tccs1(4220)−. An isospin partner of the Tccs1(4000)−

was also seen in B0 → J/ψϕK0
S decays by LHCb with 4σ significance [139]. Values of

mass and width are consistent with the charged partner.
The two states, Tccs(3985) and Tccs1(4000), have compatible masses but incompatible

widths, being around 10 MeV and 130 MeV in the two cases, which could either indi-
cate the existence of two separate states or possibly be explained in a coupled-channel
model [140]. According to the diquark model [141], they should be different but mass-
degenerate states with JPC = 1++ and 1+−, respectively.

4.7 Tcc states seen in e+e− annihilation (also known as Zc, X, Tψ)

meson-like/hidden charm/isovector

Figure 11: Tcc1(3900) signal at
BESIII [142].

states:

• IG(JPC) = 1+(1+−): Tcc1(3900)+/0

• IG(JPC) = 1+(??−): Tcc(4020)+/0, Tcc(4055)+

minimal quark content: [cc̄qq′]
experiments: Belle, BESIII, CLEO-c,

possibly D0
production: e+e− → Tcc̄π

possibly through ψ(4230)/ψ(4360),
Tcc1(3900) possibly in b→ J/ψπ+π−+X

decay modes: πJ/ψ, D∗D̄ and
possibly ρηc (Tcc1(3900)),
πhc(1P ), D∗D̄∗ (Tcc(4020)),
π+ψ(2S) (Tcc(4055))

nearby thresholds: D∗D̄, D∗D̄∗

characteristic widths: 13-45 MeV

The Tcc̄1(3900)± was first observed simultaneously by Belle and BESIII in e+e− →
Tcc̄1(3900)±π∓ [142, 143], with Belle using the initial-state-radiation technique. It was
confirmed by CLEO-c soon after, with CLEO-c also claiming first evidence for the neutral
partner state [144], now confirmed by BESIII with much larger statistics [145, 146]. A
spin-parity of JP (C) = 1+(−) was established by BESIII in an amplitude analysis of the
process e+e− → J/ψπ+π− [147] (where only the neutral state is an eigenstate to C). Its
mass is close to the D∗D̄ threshold, which is also its dominant decay mode [148,149]. As
an isospin-triplet, the Tcc̄1(3900) is openly exotic, clearly requiring at least a cc̄- and a
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light-quark pair. A similar state Tcc̄(4020) is found near the D∗D̄∗ threshold, decaying to
hcπ [150,151] and D∗D̄∗ [152,153], that is supposedly related to the Tcc̄1(3900).

These Tcc̄ states are largely interpreted as molecular candidates, although interpreta-
tion as compact diquark anti-diquark states have not been fully ruled out, and discussions
about triangle singularities persist - see Refs. [63, 116, 154–160]. So far, all observations
of the Tcc̄1(3900) are related to signals around 4.2 to 4.3 GeV in Tcc̄1(3900)π, which can
be explained in the molecular picture through de-excitation of a D1D̄ molecule to a D∗D̄
with pion emission. Noticeably, Tcc̄-like states observed in three-body final states in e+e−

annihilation are inconsistent with those seen in three-body B-decays. Alternative explana-
tions related to triangle singularities can in the future be investigated in an independent
third production process, such as photo-production experiments at JLab and the EIC
using γp→ T+

cc̄n or γp→ T−
cc̄∆

++ [161–163].

4.8 Tcc states seen in b-hadron decays (also known as Zc, X, Tψ)

meson-like/hidden charm/isovector

Figure 12: Tcc1(4430)
+ signal at

LHCb [164].

states:

• IG(JPC) = 1+(1+−): Tcc̄1(4200)+, Tcc1(4430)+

• IG(JPC) = 1+(??−): Tcc(4240)+

also known as Rc0(4240), Zc(4240)

• IG(JPC) = 1−(??+): Tcc̄(4050)+, Tcc(4100)+,
Tcc̄(4250)+

minimal quark content: [cc̄qq′]
experiments: Belle, LHCb
production: B̄0 → (cc̄)π+K−, where

(cc̄) = J/ψ, ψ(2S), ηc, χc1
Tcc(4200) also potentially in Λb → J/ψπ−p

decay modes: J/ψπ+, ψ(2S)π+, ηcπ
+, χc1π

+

nearby threshold: D∗D̄∗

characteristic widths: 82-370 MeV

As the first charged charmonium-like state with manifestly exotic nature, the Tcc1(4430)+,
was observed by Belle in 2007 in the decays B̄ → ψ(2S)π+K̄ (with K̄ = K0

s or K−) as a
peaking structure in the ψ(2S)π+ invariant mass [165]. Results were later updated with
a full amplitude analysis which favored a spin-parity of 1+ at 3.4σ [166]. Independent
confirmation was made by LHCb [164] with a four-dimensional analysis of the same de-
cays but with an order of magnitude larger statistics than Belle. LHCb confirmed the
Belle results for the mass, a width of about 180 MeV, and a spin-parity of 1+. A res-
onant interpretation is supported by clear phase-motion in the Argand diagram. In the
same analysis, a second resonance was observed with a significance of 6σ at a mass of
4240 MeV, and an even larger width of 220 MeV, called the Tcc(4240)+. Its preferred
quantum numbers are JP = 0−. Though preference over 1+ is only on the level of 1σ, a
1+ assignment requires a width of 660 ± 150 MeV which we consider less plausible. In an
amplitude analysis of B̄0 → J/ψπ+K− decays Belle observed another structure at a mass
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of 4200 MeV, called the Tcc1(4200)+ [167]. This structure, with a very broad width of
about 370 MeV, interferes with the Tcc1(4430)+ producing a dip in the J/ψπ+ invariant
mass at the Tcc1(4430)+ position.

Several additional claims have been also reported needing independent confirmation.
Two structures were observed in B̄0 → χc1π

+K− in the χc1π
+ system by Belle, called the

Tcc(4050)+ and Tcc(4250)+ using a two-dimensional Dalitz plot analysis [168]. Another
structure is found in ηcπ at around 4100 MeV by LHCb in the decay B0 → ηcπ

−K+ [169]
with a significance just above 3σ. If confirmed, the Tcc(4100) would be the first heavy-
quark exotic hadron found decaying to two pseudoscalars. The favoured quantum number
assignments are JP = 0+ or JP = 1− and currently can not be discriminated.

Most of the structures observed in these three-body B-decays have been linked to
triangle singularities in the past (see Refs. [170, 171]). Even though the typical phase-
motion of a resonance has been established for the Tcc1(4430)+ [164], it is argued that
triangle singularities are also able to produce that signature. At present, drawing firm
conclusions on the resonant nature of these states thus appears difficult, with clarification
hopefully provided by future measurements in photo-production.

4.9 Υ-like states

meson-like/hidden bottom/isoscalar

states: Υ(10753), Υ(10860), Υ(11020)
also known as Υ(5S), Υ(6S)

quantum numbers: IG(JPC) = 0−(1−−)
minimal quark content: [bb], possibly [bbqq] or [bbg]
experiments: CUSB, CLEO, BaBar, Belle, Belle II
production: e+e− annihilation
decay modes: all in π+π−Υ(nS) (n = 1, 2, 3),

also ωχb1,2(1P ) for Υ(10753) (and possibly Υ(10860)),
π+π−hb(nP ) (n = 1, 2), and possibly π+π−π0χb1,2(1P )

nearby thresholds: BsB̄s, BsB̄
∗
s , B

∗
s B̄

∗
s

characteristic widths: 24-37 MeV

Figure 13: Υ(10860) and Υ(11020) peaks in the e+e− → hadrons cross-section measured by
BaBar [172] (left) and in the e+e− → Υ(2S)π+π− cross-section together with the Υ(10753)
measured by Belle and Belle II [173] (right).
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The Υ(10860) and Υ(11020) were first observed as structures in the cross section of
e+e− annihilation to hadrons by CUSB [174] and CLEO [175] already in 1985. Much
later, both of them were also observed in exclusive decays to ππΥ(nS) (n = 1, 2, 3)
and ππhb(nP ) (n = 1, 2) [176, 177]. In the measurement of the e+e− → π+π−Υ(nS)
(n = 1, 2, 3) cross section, Belle also reported an enhancement, labelled Υ(10753), next
to the Υ(10860) [176], which was later confirmed by a more precise measurement of
Belle II [173]. Further evidence for Υ(10753) was gained in the e+e− → ωχb1,2(1P ) process
by Belle II [178] indicating that an earlier hint of the Υ(10860) → ωχb1,2(1P ) decay [179]
may actually be due to the tail of the Υ(10753). We refrain from listing decay modes
for which resonant production has not been clearly demonstrated. Branching fractions
reported by the PDG are ratios of exclusive cross sections to the inclusive one, which only
corresponds to the branching fraction for a narrow, isolated resonance in the absence of
any non-resonant production. We now know that this assumption does not hold. A recent
coupled-channel analysis shows that large fractions of Υ(10860) and Υ(11020) decays are
so far unobserved, with B∗B̄(∗)π being likely candidates [180].

For conventional bottomonium-states, it is expected that above the open-bottom
threshold the OZI-allowed decays to BB̄-type final states far exceed OZI-suppressed de-
cays to hidden-bottom states, which is clearly the case for the Υ(4S). In contrast, the
Υ(10753), Υ(10860) and Υ(11020) are the dominant features of the e+e− → ππΥ(nS)
cross sections, shedding some doubt on the interpretation as conventional Υ states. How-
ever, in the literature in particular the Υ(10860) and Υ(11020) are commonly identified as
the conventional Υ(5S) and Υ(6S) states. A bottomonium spin-triplet Υ(nD) assignment
of the Υ(10753) is not ruled out by current data [180,181]. A tetraquark assignment is also
being discussed [182]. In addition, there exist multiple predictions for a bottomonium-
hybrid in this mass range, and all three, the Υ(10753), Υ(10860) and Υ(11020) have been
hypothesized to be candidates for such an assignment [48,62,183,184].
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4.10 Tbb states

meson-like/hidden bottom/isovector

states: Tbb1(10610)+, Tbb1(10650)+

also known as Zb(10610)
+, ... or T bΥ1, ... or X(10610), ...

quantum numbers: IG(JPC) = 1+(1+−)
minimal quark content: [bb̄ud̄]
experiments: Belle
production: e+e− → T+

bb
π− around the Υ(10860) and Υ(11020)

decay modes: πΥ(nS) (n = 1, 2, 3), πhb(nP ) (n = 1, 2),
B∗B̄ (Tbb1(10610)), B∗B̄∗ (Tbb1(10650))

nearby thresholds: B∗B̄, B∗B̄∗

characteristic widths: 11.5-18.4 MeV

Figure 14: The T+
bb

peaks seen in the Υ(2S)π+ (left) and hb(1P )π
+ (right) modes by Belle [27].

The Tbb(10610) and Tbb(10650) were discovered by the Belle experiment in the e+e− →
Υ(nS)π+π− and e+e− → hb(nP )π+π− processes [27]. The neutral partner state of the
Tbb(10610) was found shortly after, also by Belle [185]. A spin-parity of JP = 1+ is strongly
favored from a partial wave analysis of e+e− → Υ(nS)π+π− at 10.866 GeV [186]. Similar
to the Tcc̄1(3900)+ and Tcc̄(4020)+ at the D∗D̄ and D∗D̄∗ thresholds, the Tbb̄1(10610)
and its heavier cousin, the Tbb̄1(10650), sit right at the B∗B̄ and B∗B̄∗ thresholds and
decay dominantly to those channels [187]. As such, they are widely viewed as strongly
related to the corresponding Tcc states in the charmonium-sector, likely sharing a common
explanation. The first observation actually pre-dates the discovery of their charmonium
look-a-likes. In another striking similarity, the Tbb̄1(10610) and Tbb̄1(10650) appear to be
correlated to the the Υ(10860) and Υ(11020) peaks in the exclusive e+e− → Υ(nS)ππ
and e+e− → hb(nP )ππ cross-sections [177], just like the Tcc̄1(3900) and Tcc̄1(4020) are
correlated to the ψ(4230) and ψ(4360). However, the Υ(10860) and Υ(11020) are in
contrast to the charmonium-like states more commonly interpreted as the conventional
Υ(5S) and Υ(6S) bottomonium excitations.

In the literature, a molecular interpretation of the Tbb states is favored [160,188–191].
It is however argued that such an interpretation requires spin-partner states that have
yet to be found in the experiment [192–194]. Meanwhile, an interpretation as compact
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tetraquark states has not been ruled out [195, 196]. In Ref. [197], the compositeness of
the Tbb states was studied, indicating strong molecular component. Only few lattice-QCD
studies relating to the Tbb exist, finding an attractive B∗B̄ interaction [198–200], that
might support a molecular interpretation.

4.11 Tcccc states

meson-like/hidden double charm

states: Tcccc(6550)0, Tcccc(6900)0, Tcccc(7290)0

also known as Tψψ(6900)
0, ... or X(6900), ...

quantum numbers: IG(JPC) = 0+(??+)
minimal quark content: [cccc]
experiments: LHCb, ATLAS, CMS
production: prompt pp collisions
decay modes: J/ψJ/ψ
nearby thresholds: J/ψψ(2S), χc0χc0, ...
characteristic widths: 80-191 MeV
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Figure 15: J/ψJ/ψ mass spectra from pp collisions in LHCb [201] (left) and CMS [202] (right).

Resonant structures in J/ψJ/ψ were first observed in 2020 by LHCb [201], with the
most prominent peak at 6.9 GeV and hints of structures near 6.5 GeV and 7.2 GeV. Later,
CMS [202] and ATLAS [203] independently confirmed the existence of the resonance
at 6.9 GeV. CMS also claimed observation of a second state around 6.6 GeV with a
significance larger than 6σ and an evidence for a third state around 7.29 GeV at the level
of 4σ. ATLAS have also found hints of the same states in the ψ(2S)J/ψ channel.

The measured yields, masses and widths of the Tcccc candidates were found to strongly
depend on the treatment of interference between the resonances in one-dimensional fits
to the invariant mass distributions. In addition, the resonance picture might appear to
be much more complicated with many resonances expected by different theoretical mod-
els [204–207]. Therefore the experimental values, especially for the resonances near 6.6 and
7.3 GeV, should be taken with caution until additional measurements in complementary
decay channels provide a cleaner picture.

A number of theoretical calculations explaining the resonances as compact tetraquarks,
molecular states or other more exotic states are available in the literature [206–210], with
some works predicting the existence of such states already in 1975 [211] and 1982 [212].
A more complete list of related works can be found in Ref. [7].
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4.12 D∗
s0/1 states

meson-like/open single charm

states:

• I(JP ) = 0(0+): D∗
s0(2317)+

• I(JP ) = 0(1+): Ds1(2460)+

minimal quark content: [cs], or possibly [csqq]
experiments: BaBar, CLEO, Belle, BESIII
production: e+e− → DsJX, B → DsJD
decay modes: D+

s π
0 for D∗

s0(2317),
D∗+
s π0, D+

s γ, D+
s π

+π− for Ds1(2460)
nearby thresholds: DK, DK∗

characteristic widths: < 3.8 MeV

Figure 16: D∗
s0(2317)

+ → D+
s π

0 (left) and Ds1(2460)
+ → D+

s γ (right) signals at BaBar [213].

The two states D∗
s0(2317)+ and D∗

s1(2460)+ were first observed by the BaBar [214,215]
and CLEO [216] experiments. Later, they were confirmed by Belle [217] and BESIII [218].
Both have positive parity and in principle could correspond to the conventional P−wave
excitations of the regular D+

s [cs] mesons. However, the D∗
s0(2317)+ and D∗

s1(2460)+

appear to have masses lower than expectations for excited Ds mesons by 50-200 MeV
(see [219] for further references) and also appear to be too narrow, with widths below
3.7 MeV. Therefore, exotic explanations as compact tetraquark states [52, 220] or DK(∗)

molecules [221] have been proposed. At the same time, a conventional interpretation is
not excluded as the masses and widths could be affected by nearby DK(∗) thresholds via
cusp effects [219]. The small widths can be explained by the fact that possible strong
decays are isospin-violating and hence suppressed.
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4.13 Tcs/cs states

meson-like/open single charm

states:

• I(JP ) =?(0+): Tcs0(2900)0, Tcs0(2900)0, Tcs0(2900)++

• I(JP ) =?(1−): Tcs1(2900)0

also known as T ∗
cs0(2870)

0, T ∗
cs1(2900)

0, ... or X0(2900), X1(2900), ...

minimal quark content: [csqq′], [csqq′]
experiments: LHCb

production: B− → D(⋆)+D−K−, B0 → D
0
D+
s π

−, B+ → D−D+
s π

+

decay modes: D+K−, D+
s π

−, D+
s π

+

nearby thresholds: D∗K∗, D1K
characteristic widths: 57-136 MeV

2.5 3 3.5
]2c) [GeV/+K−D(m

0

10

20

30

40

50

60

70

80

)2 c
C

an
di

da
te

s 
/ (

17
.3

 M
eV

/ LHCb
(b)

2.2 2.4 2.6 2.8 3.0 3.2 3.4
M(D +

s ) (GeV)
0

20

40

60

80

100
Ca

nd
id

at
es

 / 
(0

.0
14

 G
eV

)
LHCb
9 fb 1

Figure 17: Tcs0,1(2900)
0 in B− → D+D−K− [101] (left) and Tcs0(2900)

0 in B0 → D
0
D+
s π

− [222]
(right) signals seen by LHCb.

The observation and spin-parity assignments of the flavor-exotic Tcs and Tcs states are
based on amplitude analyses of the B → DDK and B → DDsπ decays [101,103,222–224].
A resonant nature of these states was confirmed from the Argand diagram, showing the
characteristic phase-motion that is expected for a resonance.
Because of the decay of the Tcs0,1(2900)0 states to D+K−, their minimal quark content is
[csud]. Similarly, the Tcs0(2900)++ decay to D+

s π
+ clearly signals a minimal quark content

of [csud], while the Tcs0(2900)0 decay to D+
s π

− corresponds to a [csdu] content. Thus, all
four are manifestly exotic states with open charm.

The two Tcs0(2900)0/++ states can be considered as SU(3)F partners of the Tcs0(2900)0

state. However, the subtle difference in masses and significant difference in widths may
point to a non-trivial nature of such a relationship [225]. Among interpretations for these
Tcs and Tcs states are compact tetraquarks [226,227], D∗K∗ and D1K molecules [228] and
threshold cusps or triangle singularities [229,230].

24



4.14 The Tcc(3875)+

meson-like/open double charm
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Figure 18: Discovery of the T+
cc by

LHCb [231].

quantum numbers: I(JP ) =?(??), likely 0(1+)
minimal quark content: [ccud]
experiments: LHCb
production: prompt pp collisions
decay modes:

D0D0π+ and D0D+(π0/γ) via DD∗

nearby thresholds: D0D∗+, D+D∗0

characteristic width: ∼50 keV

In what is likely the most exciting discovery in quarkonium spectroscopy since the
χc1(3872), a narrow structure, the Tcc(3875)+, is observed by LHCb in the invariant mass
of the D0D0π+ system produced directly in pp collisions [231]. Due to the proximity of the
state to the D0D∗+ threshold, a fit to the D0D0π+ mass distribution was performed with
a specialized Breit-Wigner model, taking into account threshold effects and ensuring both
unitarity and analyticity [232]. The mass of the state relative to the D0D∗+ threshold was
measured to be δm = −359 ± 40+9

−6 keV. For this value of the mass, the model calculation
yields a width of only 48 ± 2+0

−14 keV, which is 10 − 1000 times more narrow than most
other exotic hadrons. The aforementioned model relies on two assumptions: that the
state has isospin and spin-parity (I)JP = (0)1+, in accordance with the expectation for
a ccud ground state of either compact or molecular nature; and that it decays strongly
via D0D∗+ and D+D∗0 with the D∗ being off-shell. These assumptions are supported
by a simultaneous successful description of the D0D0π+ and D0π+ mass distributions
in the T+

cc → D0D0π+ decay, as well as of the D0D0 and D0D+ mass distributions
(reflections from decays to D0D0π+ and D0D+π0(γ), where either a pion or photon is not
reconstructed). Support for the isospin-0 assignment is provided by the non-observation
of any peaking structures in the D+D+ and D+D0π+ systems.

Altogether, the current information allows to identify the observed structure to very
likely be a [ccud] tetraquark ground state with I(JP ) = 0(1+) quantum numbers con-
firming theoretical calculations [49, 233–237] (see more in Ref [232]) including the first
predictions dating back to 1982 [212, 238]. Given the perfect agreement with the model
that only considers decays via DD∗, it is likely that the T+

cc is predominantly a DD∗

molecule. This is also supported by calculations in a realistic model which allows for both
diquark-antidiquark and molecule configurations [233], especially given the small binding
energy observed. Nonetheless, a compact component may also be present and its size is
a question for future studies.

The T+
cc holds a special place among all known exotic hadrons. Its mass is measured

with unprecedented precision compared to all known exotic hadrons, thus not only giving
a stringent test on various theoretical models, but providing unique input for further fine-
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tuning. Second, in contrast to all other known hadron molecular candidates it cannot
decay via quark-antiquark annihilation and hence provides a much cleaner testing-ground
for exotic hadron studies. One can therefore claim a similar, or in some sense even
better, level of understanding of the T+

cc nature as for the χc1(3872) after 20 years of
thorough investigations, despite having observed only around 150 candidate events. The
observation of the T+

cc just below the D0D∗+ threshold suggests, according to a number
of models [49, 236], that its partner with bcud quark content might lie below threshold
for strong and electromagnetic decays and hence be long-lived, i.e. be the long-awaited
holy grail of exotic hadron spectroscopy with realistic prospects for discovery in the near
future [239].

4.15 Pcc states (also known as PNψ or Pc)

baryon-like/hidden charm/isospin=1/2(3/2)

Figure 19: Pcc states in Λb → J/ψpK−

at LHCb [240].

states: Pcc(4312)+, Pcc(4440)+, Pcc(4457)+,
Pcc(4380)+, Pcc(4337)+

minimal quark content: [ccuud]
experiments: LHCb
production: Λb → J/ψpK−,

likely Λb → J/ψpπ− (Pcc(4440|4457)),
B0
s → J/ψpp̄ (Pcc(4337))

decay modes: J/ψp
nearby threshold: Σ+

c D̄
(∗)0

characteristic widths: 10-30 MeV
and ∼205 MeV (Pcc(4380))

First pentaquark states were observed by LHCb in 2015 in the decay Λb → J/ψpK− [241],
indicating a minimal quark content of ccuud. A full amplitude analysis revealed the exis-
tence of two states, the Pcc(4380)+ and Pcc(4450)+, with widths of 205±18±86 MeV and

39 ± 5 ± 19 MeV. Preferred quantum numbers are JP = 3
2

−
and JP = 5

2

+
, respectively.

However, other spin-parity hypotheses corresponding to combinations of (3/2+, 5/2−) and
(5/2+, 3/2−) are not excluded. In 2019, with an updated analysis performed with the full
9 fb−1 LHCb dataset, another state at a mass of 4312 MeV was observed. In addition,
the peak at a mass of 4450 MeV was resolved into two separate peaks with masses of 4440
and 4457 MeV, respectively [240]. The analysis used a one-dimensional fit to the J/ψp
invariant mass distribution to determine the masses and widths of the peaking structures.
For the determination of the quantum numbers, a full amplitude analysis is required. The
presence of the thresholds of the Σ+

c D̄
(∗)0 systems just a few MeV above the peak mass

values could be accidental, but more likely indicates a molecular nature [242–245]. This is
also supported by their relatively small widths, that call for some sort of width suppres-
sion mechanism. Other possible interpretations are compact ccuud states [55,246–248] or
triangle cusps [249]. However, LHCb demonstrated the cusp interpretation to be unlikely
at least for Pcc(4312)+ and Pcc(4440)+ [240].
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An additional pentaquark candidate, Pcc(4337)+, is observed in the B0
s → J/ψpp̄

decay, again in the J/ψp system, with a mass of 4337 MeV and a width of 30 MeV [250].
This state is incompatible with the pentaquark states observed in Λb decays. Different
theoretical interpretations have been put forward to explain this feature: it could either
be a compact pentaquark [251, 252] due to the different internal spin structure of the
di-quark pair, or a triangle cusp [253] caused by the nearby ΣcD̄ or ΛcD

∗ thresholds. A
molecular interpretation is unlikely since the mass of the state is 20 − 40 MeV above the
aforementioned thresholds. In the compact pentaquark interpretation, the expected JP

would be 1/2+, while for the cusp interpretation, one would expect JP = 1/2− – these
possibilities can be distinguished by LHCb in the future. An additional possibility to
rule out explanations related to possible triangle singularities is to search for pentaquark
candidates via other production mechanisms, for instance via photoproduction γp→ J/ψp
as it is pursued by the GlueX experiment [64–68].

4.16 Pccs states (also known as PΛ
ψs or Pcs)

baryon-like/hidden charm/isospin=0(1)
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Figure 20: Discovery of the
Pccs(4338)

0 at LHCb [254].

states:

• I(JP ) = 0(1/2−): Pccs(4338)0

• I(JP ) = 0(?): Pccs(4458)0

minimal quark content: [ccuds]
experiments: LHCb
production: B− → J/ψΛp̄ (Pccs(4338)),

Ξb → J/ψΛK− (Pccs(4458))
decay modes: J/ψΛ
nearby thresholds: Ξ+

c D
−, Ξ0

cD̄
∗0

characteristic widths: 7-17 MeV

In the presence of non-strange hidden-charm pentaquark states, pentaquark states
with strangeness are expected due to SU(3) flavour symmetry [243, 255–259]. The first
observation of such a pentaquark candidate, the Pccs(4338), with strange quark content
was made by LHCb in B− → J/ψΛp̄ decays [254]. With a full amplitude analysis, a
narrow resonance is observed in the J/ψΛ system at a mass of 4338.2 MeV and with a
fairly small width of 7.0 MeV. The spin is determined to be 1/2 and negative parity is
preferred over the positive one at 90% confidence level. The resonance is observed just a
few MeV below the Ξ+

c D
− threshold. The closeness to that threshold as well as the narrow

width and the 1/2− spin-parity assignment support a molecular interpretation [260], but
also prompting interpretation as triangle singularity [261].

Another candidate for a pentaquark state in the J/ψΛ system, the Pccs(4458), is seen
in Ξb → J/ψΛK− with a significance just above 3σ [262]. The enhancement sits 19 MeV
below the Ξ0

cD̄
∗0 threshold and is consistent with the hypothesis of a two-peak structure
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with spin-parities of JP = 1/2− and 3/2−, as is predicted by molecular models [256–260]
in analogy to the two-peak structure of Pcc(4440) and Pcc(4457) seen in the non-strange
sector below the Σ+

c D̄
∗0 threshold. Following the same analogy, the Pccs(4338) state could

be the SU(3) flavor-partner of the Pcc(4312) state. However, due to low statistics it is at
present not possible to be conclusive about the two-peak structure.

5 Conclusion

The discovery of the χc1(3872) in 2003 revived the interest in hadron spectroscopy, showing
that even a system as simple as charmonium is far from being understood. Today, the
field of exotic hadrons is very active, with many of the candidates only being discovered
very recently and in many cases awaiting confirmation. The sheer amount of new exotic
phenomena that are still being discovered whenever a new region of phase space, especially
close to two-body thresholds, becomes available to experiment clearly indicates that we
are still exploring which combinations of quarks and gluons are realized as hadrons. It
should be noted that not every new bump seen in experimental data is necessarily a new
exotic resonance. On rare occasions, such a claim based on a single observation may be
possible, but in most cases independent confirmation from another experiment, in another
production mechanism, or using a different decay mode is needed.

While new discoveries are exciting, reaching a full understanding is much more chal-
lenging due to the non-perturbative nature of the strong interaction at hadronic mass
scales. At present, multiple interpretations – molecules, compact multiquarks, hybrids,
kinematic effects, or simply conventional hadrons – are considered possible for almost any
exotic hadron candidate with little established consensus in the community. It is there-
fore important to determine those observables that most decisively distinguish between
the different configuration hypotheses or quantify the relative role of each configuration.

With the ongoing program of the Belle II, BESIII, GlueX, LHCb and other LHC ex-
periments and upcoming experiments at GSI, the exploration will continue, with more
surprises certain to come. In turn, higher operational luminosities planned for Belle II,
BESIII and LHCb in the future will allow us to enter an era of precision measurements
involving well-known exotic hadrons in order to advance our understanding of their struc-
ture.
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